We have investigated the motion of electrons in a new, high voltage segmented hollow cathode discharge, which is known to be an efficient pumping source for charge-transfer excited UV metal ion lasers. We have studied the spatial distribution of ion production, electron energy distributions, statistics of electron avalanches, the fraction of oscillating electrons, and the distribution of the fast electrons' current on the anode surface in a helium discharge having four electrode segments. We have found that the ion production is strongly peaked in the centre of the discharge due to the focusing cathode geometry. The effect of magnetic field on the characteristics of the discharge was also studied. With increasing magnetic field the peak of the spatial distribution of ionization was split into two regions of high ionization rate. Furthermore, due to the magnetic field, at fixed discharge current the number of high-energy electrons absorbed on the anode increased considerably, and a higher number of primary electrons were absorbed by the anode without making any ionization. At constant discharge voltage the fraction of oscillating electrons was found to decrease, due to the applied longitudinal magnetic field. The magnetic field dependence of the spatial distribution of ion production, the energy distribution of electrons absorbed by the anode and the fraction of oscillating electrons at different discharge conditions were also studied in a discharge having six electrode segments.
Introduction
Hollow cathode discharges are widely used for different lasers [1, 2] .
Most of the devices use conventional hollow cathode discharges, which operate at voltages between 200 V and 400 V and have flat voltage-current characteristics. When operated at high current densities, the current is unevenly distributed on the cathode surface, resulting in the appearance of instabilities (arcing) [3] . The relatively low discharge voltage also limits the electron energy available for the excitation processes. High voltage variants of the hollow cathode, such as the hollow anode cathode (HAC) [3] show a superior efficiency and scaling with current. The steep voltage-current curve improves the stability of the discharge and the increased operating voltage (typically 600-1200 V) results in high electron energies.
The latest development in the design of 'laser purpose' hollow cathode discharges is the segmented type hollow cathode (SHC) discharge, shown in figure 1. The discharge tube has two cathode and two anode segments opposite to each other, and the cathode and anode electrodes are situated on a common cylindrical surface. Using the SHC configuration all the metal ion laser transitions investigated have shown higher gain over earlier constructions [4] [5] [6] [7] . The number of electrode segments in the SHC discharge is not necessarily restricted to four, although in the experimental investigations discharges with four segments have only been reported.
In conventional hollow cathode discharges the application of longitudinal magnetic field lowers the discharge voltage at constant current (e.g. [8] ). An opposite effect was observed in a slotted HAC discharge [9] and in a segmented hollow cathode with four segments [4] . In each case the magnetic field increased the discharge voltage and thus improved the performance of the investigated Cu-II 780.8 nm lasers. The increase of the voltage was explained by the deflection of beam electrons in the magnetic field (similarly to that in a plasma switch [10] ).
We applied a Monte Carlo simulation to trace the trajectories of electrons in the SHC discharge. Because of the non-self-consistent approach, our model did not make it possible to calculate the voltage-current curves of the discharge and to compare the experimental results to calculated discharge characteristics. However, detailed information was obtained about the motion of electrons in the SHC discharge, which allows us to explain some of the basic features of the discharge. We present the spatial distribution of the ionization source, the energy distributions of electrons, statistics of electron avalanches, the distribution of the fast electrons' current on the anode surface and the fraction of oscillating electrons in the discharge (oscillating electrons are known to play an important role in the hollow cathode effect [11] ). The simulations made it possible to determine the dependence of the discharge characteristics on the strength of the longitudinal magnetic field, and explain the experimental observations of the magnetic field effect [4] .
Method of simulation
In an electromagnetic field the trajectory of a particle can be calculated by the integration of the equation of motion:
where m and q are the mass and charge of the particle, r and v are the particle's position and velocity vectors, and E and B are the electric and magnetic field vectors. In Monte Carlo (MC) simulations the free path of the particle along the trajectory is assigned randomly by solving the following equation (e.g. [12] )
where s 0 is the initial position of the particle, s 1 is the position of the next collision on the curvilinear coordinate s, n is the gas density, σ is the sum of the (energy dependent) cross sections of all possible collision processes, ε is the kinetic energy and R 01 is a random number uniformly distributed on the [0, 1) interval. Generally, equations (1) and (2) have to be integrated numerically, which is a rather time consuming operation if high accuracy is required. In the case of electric field free regions equation (1) is simplified, we obtain either straight trajectories (|B| = 0), or spiral trajectories (|B| = 0) with radius:
where v 0 is the initial speed of the particle and B = |B|. As ε, and therefore σ , does not change between collisions, the integration of equation (2) can be carried out analytically and s 1 can be easily calculated. Electron energy distributions [13] , the number of oscillating electrons and spatial distribution of the ionization have been calculated [14] in previous Monte Carlo studies of the electrons' motion in plane parallel hollow cathodes. These simulations and the simulation of electrons' motion in a cylindrical hollow cathode discharge [15] have utilized the null-collision technique to increase the computational speed [12, 16] . Direct integration of equations (1) and (2) was used to trace the electron trajectories in the presence of magnetic field in planeparallel [17] and cylindrical [18] hollow cathode discharges.
In the case of the segmented hollow cathode discharge, because of the complicated geometry and the presence of magnetic field, null-collision techniques are not readily applicable. Additionally,
• there is no information available for the length of the cathode sheath in our discharge and
• near the edges of the cathodes the electric field cannot be considered radial, a tangential electric field of unknown spatial dependence appears.
To overcome these difficulties, we assume that the cathode dark space is very narrow, so that it can be considered collisionless (see e.g. [19] ).
This major simplifying assumption of the model is justified by the reduced length of the cathode dark space at high current densities (e.g. [20] ).
In our simulations the electrons are launched from the cathode with a kinetic energy corresponding to the full cathode fall voltage added to an average energy of ejected electrons (for which we use 10 eV). This way the electrons are mono-energetic when they enter the negative glow. The negative glow is considered to be an electric field free region, and this makes a fast simulation possible, which is crucial for the calculation of relatively 'noise-free' twodimensional ionization source functions.
We present our simulation results for a helium discharge. The discharge parameters (pressure, voltage, current density) originate from our experimental study of an infrared (λ = 780.8 nm) cathode-sputtered copper ion laser [4] . The laser used a buffer gas of helium with 4% admixed argon to enhance cathode sputtering. The small amount of argon admixed to the helium buffer gas decreased the voltage (cathode fall) of the hollow cathode discharge. At higher currents this effect is overcompensated by the sputtered metal vapour, which is known to increase the voltage of the discharge. The effects (focusing property of the SHC electrode arrangement, effect of magnetic field on the discharge parameters, etc) are relatively insensitive on the somewhat increased voltage. Thus we have choosen the experimentally available voltage-current curves.
The coordinate system used in the modelling calculations is shown in figure 1 . We assumed that the discharge is homogeneous and infinite in the z direction. The electrons were started from uniformly distributed random positions on the cathode surface, at z = 0. Their initial velocity vector was normal to the cathode surface. In the MC simulation, beside the free path of electrons, the type of the collision process occurring after a free flight was assigned randomly. The elementary processes considered in our model were elastic scattering of electrons from He atoms, electron impact excitation and ionization of He atoms. In the case of elastic collisions the energy loss of the electrons was neglected, and their scattering angle was randomly chosen according to a formula expressing anisotropic scattering [12, 21] . In excitation processes the electrons lose a randomly chosen energy between the gas atom's first excited level and its ionization potential. In the ionization process the remaining kinetic energy after ionization was distributed randomly between the scattered and ejected electrons. The azimuth angle(s) were always assigned randomly. Each of the secondary electrons were traced in the simulations. The cross sections of collision processes were taken from [22, 23] .
The electrons for which the trajectories arrived at the cathode surface were treated according to their energy. Electrons with the full cathode fall potential (being able to reach the cathode surface after slowing down in the opposing field of the cathode sheath) were reflected from the cathode with a probability of R = 0.2. This value represents the reflection coefficient of low-energy electrons [24] . Electrons with less energy, not being able to traverse the cathode sheath were always reflected from the zero- thickness sheath. The anode surfaces were assumed to be perfectly absorbing. The electrons were traced in the simulation until they were absorbed by one of the electrodes or their energy fell below the ionization potential of He (except when calculating electron energy distributions).
One reason for the development of the hollow cathode effect is the existence of oscillating electrons, which may traverse the space between the opposite cathode surfaces of a hollow cathode discharge several times (see e.g. [11] ). It became clear from following the trajectories of a large number of electrons in the SHC discharge that apart from the 'true' oscillations of primary electrons, the secondary electrons (created in ionizations) further contribute to the hollow cathode effect, if they are reflected from the opposing cathode surfaces (or cathode sheaths). These types of reflection only occur in hollow cathode type arrangements. Thus we have defined the fraction (η) of oscillating (and reflected) electrons in the following way: launching one electron from one of the cathodes we calculated the number of electrons reflected from the opposing cathode or cathode sheath (in the given electron avalanche). We obtained η as the ratio of the number of reflected electrons to the total number of electrons participating in the given avalanche, averaged over a large number of avalanches.
The number of primary electrons in the simulations was typically of the order 10 5 , while for the calculation of the two-dimensional ionization source functions it was of the order 10 6 . The primary electrons were released from the cathode from uniformly distributed (random) positions.
As we have already pointed out, our main motivation was to develop a model which can at least qualitatively explain the main features of the SHC discharge. Our model of this complicated discharge is far from the complete quantitative description. Even with simplifications (zerothickness sheath, neglecting of experimentally used argon admixture, etc) it was possible to qualitatively explain some of the basic discharge behaviour.
Results
In section 3.1 we present the results of simulations for the segmented hollow cathode discharge with four segments (two opposed cathodes and two opposed anodes). Some of the characteristics of the discharge with six segments are presented in section 3.2 and the results are compared to those obtained for the four segment discharge.
Results for the discharge with four segments
Before presenting the results of the simulations we show representative voltage-current characteristics of the SHC discharge [4] in order to indicate the basic characteristics of the investigated discharge. The V -I curves of the discharge, plotted in figure 2(a) for different buffer gas (He + 4% Ar) pressures, have a high slope resistance, characteristic for high voltage hollow cathode discharges. Figure 2(b) shows the effect of a longitudinal (z directional) magnetic field on the voltage of the discharge, at two sets of (constant) pressure and current values. It can be seen that at a constant current the voltage increases due to the magnetic field, in contrast with the case of conventional hollow cathode discharges. In the following results the buffer gas is helium and the V -I characteristics for the He + 4% Ar mixture are used to give typical values of V , I and B for the calculations. The spatial distribution of the ionization source function S + (x, y) and its dependence on the longitudinal magnetic field is displayed in figure 3 . The discharge parameters for figure 3 are: j = 200 mA cm −2 (corresponding to a measured current of I = 600 mA in a 5 cm long discharge tube [4] ) and p = 15 mbar. The measured discharge voltages at the different values of the magnetic field were 
where M is the multiplication (the average number of electrons participating in an electron avalanche). The multiplication values were: 11.1, 12.2 and 12.9 for B = 0, 10 mT and 20 mT, respectively (notice the considerable rise of voltage from V = 625 V to V = 980 V). It can be seen in figure 3 (a) that at B = 0 the electrons are strongly focused into the centre of the discharge where the ionization source has a sharp maximum. In the presence of magnetic field the curved cathode surfaces still focus the electrons, but because of the bending of the trajectories the 'focal point' is split into two regions of high ionization rate. The focusing property of the hollow cathode discharge can also be observed in figure 4 , where sections of the S + (x, y) function along the X and Y axes are presented. The S + (x) function is plotted at y = 0 and the S + (y) function is plotted at x = 0 in figures 4(a) and (b), respectively. The data are presented for p = 5, 10 and 15 mbar buffer gas pressures. The peak of S + (x) at x = 0 and the peak of S + (y) at x = 0 are sharpest at the lowest pressure (p = 5 mbar). At higher pressures these peak values are higher but the ion production is more spatially distributed. It can be noticed that the focusing is stronger along the Y axis ( figure 4(b) ).
Although in our simulations we considered a discharge which is infinite in the longitudinal (z) direction, we traced the position of the simulated electrons in the z direction, too. Consequently, we could analyse the 'longitudinal spreading' of electron avalanches initiated by electron emission from the cathode at z = 0. The results of these calculations are presented as ionization source functions S + (z), integrated over x and y. Figure 5 shows S + (z) for different gas pressures. At each of the pressure values investigated the source function is sharply peaked at z = 0, indicating that a considerable number of ions are created in, or near the z = 0 plane. At a few hundred eV electron energy, the ionization process has the highest cross section of the collision processes considered. Consequently, ionization is the most probable first collision process for electrons emitted from the cathode. The linear fall-off of the S + (z) functions (plotted on a logarithmic scale in figure 5 ) indicates an exponentially decreasing number of 'longitudinally diffused' (high-energy) electrons. These results show that at lower pressure, where the collisional free path is longer, the ionization source function extends more in the longitudinal direction. The loss of the high-energy electrons at the ends of the discharge tube as a function of the pressure and discharge length can be estimated based on the S + (z) functions. The Monte Carlo simulation of the electrons' motion and the collisions made it possible to determine the statistical distribution of the number of ionization collisions (k) in an electron avalanche. The P (k) distribution is defined as the relative number of avalanches, in which k ions were created. P (k) is normalized as
and has a relation to the M multiplication:
The P (k) distributions obtained at p = 15 mbar and I = 600 mA for different values of the magnetic field and corresponding discharge voltage are shown in figure 6 . One of the noticeable differences in the P (k) distributions plotted in figures 6(a)-(c) is that, with increasing magnetic field, the maximum is shifted to higher k, meaning that the most probable number of ions created in an avalanche is higher. We believe that this is caused by the higher voltage, since the primary electrons have higher energy to dissipate in inelastic collisions. The other difference is that P (k = 0) increases as the magnetic field is applied. In other words, the number of primary electrons absorbed by the anode, without making any ionization, increases. This can be explained by the deflection of fast electrons in the magnetic field, and their consequent absorption by the anode. The energy distribution of electrons absorbed by the anode is plotted in figure 7 . This distribution was readily obtained from the Monte Carlo simulation by 'memorizing' the total kinetic energy of individual electrons absorbed on the anode surface. The distributions calculated this way represent spatial averages over the anode surface. 
It can be deduced from figure 7(a) that a considerable number of high-energy electrons are absorbed by the anode. Similar behaviour was found in our study of the obstructed glow discharge [25] . The high operating voltage of the segmented hollow cathode discharge can be partly explained by the loss of these high-energy electrons, which would produce additional ionization in a conventional (cylindrical) hollow cathode discharge, since they could be reflected from the cathode or cathode sheath. It can be deduced from figure 7 that the high-energy electrons play an important role in the ionization in the discharge. The cross section of electron impact ionization of helium ( figure 8(a) ) peaks at approximately ε max ≈ 120 eV. In the discharge studied the electrons may acquire much higher energies than ε max . The f (ε) energy distribution of ionizing electrons for two selected sets of discharge conditions is plotted in figures 8(b) and (c). The f (ε) distributions were obtained by accumulating data about individual ionization processes: whenever an ionization process occurred in the simulation, the energy of the 'ionizing' electron (before ionization) was 'memorized', and the f (ε) distribution was constructed from these data. The f (ε) distributions represent a spatial average over the whole cross section of the discharge, and they are normalized according to equation (7) . In both cases (figures 8(b) and (c)) approximately 50% of the ions are created by electrons having an energy ε > ε max . Similar behaviour has also been found in our study of the obstructed glow discharge [25] . Figure 9 displays the results of the calculations for the fraction of oscillating (and reflected) electrons, η. Figure 9 (a) shows η as a function of the longitudinal magnetic field, at a fixed pressure of p = 7.5 mbar, for constant discharge voltage and for constant current. When the magnetic field is applied at fixed voltage (V = 580 V) the number of oscillating electrons decreases. However, it is interesting to note that, if the current is kept constant, the number of oscillating electrons is almost constant regardless of the magnetic field. These results confirm that the oscillating electrons play an important role in the ion production. The fraction of oscillating electrons decreases with increasing pressure, as can be seen in figure 9(b) for B = 0.
The distribution of the current density of fast (ε > E i = 24.6 eV) electrons on the anode surface is displayed in figure 10 , for V = 625 V discharge voltage and p = 15 mbar pressure. In the case of no magnetic field the distribution of current density is symmetrical, and peaks at the edges of the anodes. The current density has a minimum at the middle of the anodes, which is approximately half of the value near the anode edges. The distribution changes to an asymmetric one as the magnetic field is applied.
The peak values at the edges of the anodes remain the same, but the number of high-energy electrons increases (the distributions plotted in figure 10 are proportional to the number of absorbed electrons).
So far we have studied the behaviour of the four segment discharge arrangement.
Using six electrode segments, when the cathode segments are opposite to the anode segments, a different behaviour can be expected. Therefore we have extended our investigations to this six segment arrangement.
Results for the discharge with six segments
The experimental discharge parameters for six segments are taken from a similar high voltage hollow cathode discharge, that is a hollow anode cathode (HAC) discharge having three internal anodes [4] . In the HAC construction the anodes are placed into a cylindrical cathode cavity (see figure 11(a) ), while in the segmented tube the anodes and cathodes together form the cylindrical cavity. The discharge is highly obstructed in the anode-cathode gap in the HAC. Hence the discharge only covers the cathode surface which is unscreened by the anodes and, to a good approximation, the displacement of the anodes does not influence the discharge behaviour. Therefore we have used the discharge parameters measured in a HAC discharge having three anodes to investigate a segmented hollow cathode discharge with six electrode segments (see figure 11(b) ).
In this section we present the results for the spatial distribution of ion production, the energy distribution of electrons absorbed by the anode and the fraction of the oscillating electrons in the discharge. The dependence of the later two key discharge characteristics on the longitudinal magnetic field essentially differs from that of the discharge with four segments, because of the threefold symmetry of the discharge with six segments. We note that the four segment discharge has opposite facing cathode electrodes but in the six segment discharge anodes are opposite to cathodes.
The experimentally found discharge voltage at constant current as a function of magnetic field ( figure 12(a) ) [4] , indicates that the voltage decreases with increasing magnetic field. This behaviour is in contrast with the discharge with four segments ( figure 2(b) ).
Figure 12(b) shows the energy distributions of electrons absorbed by the anode, for p = 7.5 mbar, B = 0 mT and B = 20 mT, for a constant voltage V = 1000 V. It can be seen that in the six segment discharge the number of high-energy electrons decreases as the magnetic field is applied. This is again in contrast with the case of the four segment discharge, where (at constant voltage) the number of absorbed high-energy electrons is increased due to the increasing magnetic field (see figure 7(b) ). The decreasing voltage-magnetic field curve, which was experimentally found ( figure 12(a) ) can be partly explained by the reduced number of absorbed high-energy electrons with increasing magnetic field.
For the discharge with six segments, the fraction of the oscillating electrons was determined in the following way. The electrons were launched from one of the three cathode electrodes. Then η was calculated as the ratio of the number of electrons reflected from the other two cathodes or cathode sheaths to the total number of electrons participating in the avalanche, averaged over a large number of avalanches. The results of our calculations show that the behaviour of η, plotted in figure 12(c) is also opposite to that observed for the discharge with four segments ( figure 9(a) ). Now η increases with increasing magnetic field when the voltage is constant, while at constant current η is almost independent of the magnetic field. This confirms our expectation that the longitudinal magnetic field drives the fast electrons out of the oscillation in the four segment discharge, while in the six segment discharge the magnetic field drives the fast electrons into oscillation.
It may be interesting to note that at the same current I = 200 mA, pressure p = 7.5 mbar and B = 0 mT, the fraction of oscillating electrons in the discharge with six segments was found to be slightly higher (η ≈ 14%±0.2%) than that for the discharge having four segments (η ≈ 12.5%±0.2%), see figures 9 and 12(c). From geometrical considerations, neglecting the collisions, no oscillation should occur in the six segment discharge. However, the real electron avalanches are spread in space and reflections (and thus oscillation) and even occur in the six segment discharge. As the electrons are launched from one of the cathodes in both cases, the 'reflecting' cathode surface is greater in the case of the six segment discharge (area of the two other cathodes = 1/3 of the total electrode area) compared to the four segment discharge (area of the opposing cathode = 1/4 of the total electrode area). Figure 13 shows the spatial distribution of the ionization source function S + (x, y) for j = 200 mA cm −2 (corresponding to a measured current density of I = 600 mA in a 5 cm long discharge tube) p = 15 mbar. The parameters of the discharge are: figure 13(a) : B = 0 and V = 730 V; figure 13(b) : B = 20 mT and V = 625 V. At B = 0 we observed an ionization source sharply peaked in the centre of the discharge. When the magnetic field was applied, the high ionization rate region was spread over a nearly circular area. The multiplication values were found to be 11.3 (for B = 0) and 10.7 (for B = 20 mT).
Conclusions
We have investigated the motion of electrons in a high voltage segmented hollow cathode discharge. Using Monte Carlo simulation of the electrons' trajectories in the discharge, we have calculated the spatial distribution of ion production in the cross section of the discharge. We have found that the ion production peaks sharply in the centre of the discharge, as a consequence of focusing the fast electrons by the curved cathode surfaces. The data obtained in the calculation of the longitudinal spread of electron avalanches can be used to estimate the loss of high-energy electrons at the ends of finite length discharge tubes.
A longitudinal magnetic field was found to change the characteristics of the discharge. Besides the experimentally observed increase of the discharge voltage, in the case of a discharge with four electrode segments, the results of the simulations indicated that with increasing magnetic field:
(i) the discharge voltage increases at constant current density (see experiment [4] ),
(ii) the peak of the spatial distribution of ionization was split into two regions of high ionization rate, (iii) the number of high-energy electrons absorbed on the anode increased considerably, (iv) higher number of primary electrons were absorbed by the anode without making any ionization, (v) at constant discharge voltage (i.e. when the current decreases) the fraction of oscillating electrons was also found to decrease. To keep the discharge current constant, the discharge needs a higher voltage as the magnetic field is applied, resulting in an approximate constant number of oscillating electrons, (vi) the symmetrical distribution of the current density of fast electrons on the anode surface has changed to an asymmetric one (as the trajectories bend in the magnetic field).
In the case of a SHC discharge having six segments we found that if a longitudinal magnetic field was applied:
(vii) the discharge voltage decreased at constant current density (see also [4] ), (viii) the number of high-energy electrons absorbed by the anode decreased, (ix) the fraction of oscillating electrons increased at a constant discharge voltage and stayed approximately constant at fixed current.
All of these results (vii)-(ix) are in contrast with the case of the discharge having four electrode segments, indicating the basic importance of discharge geometry (symmetry) in determining the behaviour of the discharge.
The results obtained for magnetic field dependence of the energy distribution of absorbed electrons and the fraction of oscillating electrons in the discharge (for both the four and six segment discharge), compared with the experimentally observed change of current of the respective cases, point out the importance of fast electrons and oscillating electrons in the maintenance of the discharge.
